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ABSTRACT (Maximum 200 words)
A literature survey was perfonned to detennine design considerations associated with the use of reduced-diameter (down to 40-J.IITI) optical fibers. Decreasing fiber diameter did not have a direct effect on cutoff frequency or numerical aperture. Bending loss is expected to increase due to the evanescent field escaping from the cladding. A possible solution to this issue is to use a depressed cladding fiber. Glass fiber tensile strength increased with fiber diameters less than 100 J.IITI. Several in-line methods and procedures are proposed to proof test the reduced-diameter fiber. However, fundamental limitations currently prohibit reliable quantitative lifetime predictions. Fiberoptic components will need to be modified in order to accommodate reduced-diameter designs.
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INTRODUCTION
This report examines the reduction in diameter of single-mode optical fibers from the standard 125 J.lm to as small as 40 J.lm. Besides the challenging manufacturing issues that exist, a number of significant design considerations must be considered. Issues such as fiber strength, signal loss, and the handling of 40-J.lm fiber are addressed.
LIGHT PROPAGATION AND THE CUTOFF FREQUENCY
Single-mode optical fibers typically propagate with linearly polarized modes LP vp along the horizontal and vertical axes of the fiber. These two axes are orthogonally oriented with respect to the direction of propagation, which, in this case, is along the length of the fiber. The mode of light propagation in a fiber is a function of the core radius a, numerical aperture NA = ~n~-ni , and wavelength A, as given by equation (1):
where Vis the normalized frequency, and n1 and n2 are the refractive indices in the core and cladding, respectively. When (n1-n2) << 1, the numerical aperture can be closely approximated by NA = n 1 .J2i., where ~ = nJn 2 -1. To retain a single-mode design, the normalized frequency must be kept below a particular value. The propagation behavior versus V for a step-index fiber is illustrated in figure 1. 
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To keep the fiber design truly "single mode" (i.e., only the LP 01 mode exists), a cutoff frequency of V < 2.405 must be maintained. But since V does not depend on the cladding radius, the proposed reduction in fiber diameter does not have a direct effect on cutoff frequency. However, V may be indirectly affected by changes in numerical aperture and wavelength.
NUMERICAL APERTURE
The numerical aperture is solely a function of the refractive index in the core and cladding NA = ~ n~ -n; =sin Bi, where Bi is the angle of incidence from the normal fiber surface. Even though a direct relationship between NA and the cladding diameter does not exist, NA may be affected when a depressed cladding, dispersion compensation, or other design that may alter the refractive index difference between the core and the cladding material is considered.
It is commonly assumed that most of the signal in an optical fiber remains in the core. This assumption is partially true for single-mode fibers, and more so for multimode fibers. In singlemode fibers, 20 -40% of the power is carried in the cladding due to an evanescent field generated between the core and cladding interface. The power distribution in the cladding depends on the normalized frequency, as illustrated in figure 2 from Miller and Chynoweth? It is interesting to note that there is a gradual decay in cladding power for the LP 01 mode, while cladding power rapidly decays with increasing V in higher-order modes. Beyond two core radii from the center, the cladding power drops to 1 -5%, as shown in figure 3 from Tosco.
1 In summary, the cladding diameter needs to be greater than two core diameters to prevent significant signal leakage. 
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Figure 2. Ratio of Power Carried in the Cladding to Total Power Carried by aN umber of LP vp Modes as Functions of V (MiHer and Chynoweth 2 )
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BENDING LOSS
Signal loss due to bending can be classified into two types: macrobending loss and microbending loss. Both losses are significant when the fiber diameter is reduced and must be considered in detail.
Macrobending loss is the most relevant external cause of attenuation and is due to macroscopic curvatures (namely, bends or loops) to which an optical fiber may be subjected during operation. Two loss mechanisms contribute to macrobending loss: transition loss and pure bending loss. Transition loss occurs in fiber sections following an abrupt change in curvature, while pure bending loss occurs when the curved fiber ceases to be a true guide structure. A rigorous study 3 ofmacrobending loss considered the continuous superposition of Hankel functions to correctly represent cylindrical waves exiting the fiber. Matching this field to the field in the fiber core results in an expression for pure bending loss of (2) indicates that macrobending losses depend very strongly on the radius of curvature R and other parameters F and A, representing the core-cladding refractive index difference, the core diameter a, the normalized frequency V, and the transverse propagation constant w, which rules the decay of the field in the cladding. Note that the finite dimension of the fiber cladding has not been taken into account in evaluating bending loss. This can become an important factor since power radiating into the cladding can couple back to the fundamental mode.
The analytical model presented in equation (2) for macrobending losses may be used to extract physical insight into macrobending losses in reduced-diameter fiber designs. It can be observed that loss increases exponentially with decreasing bend radius. To counteract this effect, the core-cladding refractive index difference ( Ll = nJn 2 -1) can be increased. In other words, higher NA fiber can tolerate a smaller bend radius for a given amount of loss. This advantage can be used in the 40-JIDl design, where the core-cladding refractive index difference can be changed to reduce macrobending loss. This can be accomplished by increasing the core refractive index through higher doping levels, although this method can result in increased attenuation. An alternative is to use a depressed-cladding design to significantly increase NA, while keeping the core dopant concentration minimal. This issue is discussed further in the next section, "Depressed Cladding."
Micro bending loss refers to signal loss due to very small, continuously varying bends of the fiber axis. The small bends, caused by jacketing or cabling processes, are randomly distributed. A detailed discussion by Tosco 1 explains that microbending losses depend not only on similar parameters as those observed in macrobending loss, but also on the modal spot size aJ 0 • The modal spot size is related to the mode field diameter via MFD = 2~2 aJ 0 • Since aJ 0 ~ AI~LJ, shorter wavelength light or increased core-cladding refractive index difference can keep the modal spot size small, hence reducing microbending loss. Lazay and Pearson 4 reported a comparison in bending loss between 125-~m-and 110-~m diameter fiber. A simple experiment was conducted where the transmitted power through a short length of fiber (roughly 3 meters) was monitored as the radius of a single-circular loop in the fiber was decreased. A wavelength dependence on signal loss was observed for 11 0-~-diameter fiber, with longer wavelength resulting in higher signal loss. Similar tests performed by Miya et al.
5 for 11 0-J..Lm-diameter fiber, however, did not exhibit this wavelength dependence. Lazay and Pearson proposed that the larger-diameter fiber did not have this long wavelength loss phenomenon for two reasons. First, the larger-diameter fiber is expected to be more robust and, thus, more resistant to externally induced curvature. Second, Miya's fibers were coated with a thick, soft silicone resin, which would cushion them from curvature-producing irregularities. Lazay's fibers were coated with a thin, hard, UV-cured epoxy-acrylate.
Lazay and Pearson
4 also proposed several ways to control bending losses: (1) dope the substrate tube to match the cladding so that there is no leaky mode region; (2) use a large ratio of cladding to core diameter; and (3) choose Ll so that the optical field is better confined in the core.
In summary, bending losses arise in the form of macro bending loss and micro bending loss. Both losses are sensitive to a number of design parameters, but limited information is available on loss dependence on cladding diameter. However, it has been shown that bending loss can be reduced by optimizing several parameters, including increasing the Ll and using a larger cladding-to-core diameter ratio. Depressed cladding fibers allow the designer to do just that.
DEPRESSED CLADDING
Two basic types of single-mode fibers are shown in figure 5 . Figure 5a shows the matched cladding (MC) design, which has a typical MFD of about 10 11m and a core-cladding refractive index difference (~) of about 0.11 %. Figure 5b shows a depressed cladding (DC), with a typical MFD of about 9 11m with relative index differences with respect to the cladding level ~ + and ~ of around 0.25% and 0.12%. 1 To decrease the refractive index in the cladding, fluorine is added to the DC fiber during the pre-form manufacture. DC fibers offer better bending resistance and tight mode confinement to the core, as discussed earlier in the "Bending Loss" section. An extension of DC fiber, called W fibers, selectively depresses the cladding refractive index in order to reduce waveguide dispersion. W fibers, a class of dispersion-flattened optical fibers, are designed for low loss in the 1.3-to 1.6-)lm region, allowing for extensive and flexible frequency multiplexing. A detailed description ofMC and DC fiber designs is presented in by Ainslie et al. 6 (a) MC fiber (b) DC fiber
Figure 5. Refractive Index Profile of (a) MC and (b) DC Step-Index Single-Mode Optical Fiber
In summary, DC fibers should be considered on reduced-diameter fiber designs given their: (1) tight mode confinement to the core, (2) lower sensitivity to bending losses compared with the equivalent matched cladding fibers, and (3) reduction in waveguide dispersion using theW fiber design. However, DC fibers add significant complexities to the manufacturing process compared to MC fibers.
ATTENUATION
Light signal attenuation in optical fibers is the result of intrinsic and extrinsic factors. There are three intrinsic material mechanisms that cause attenuation: (I) absorption due to atomic electron interactions (UV absorption); (2) absorption due to light interactions with molecular vibrations (IR absorption); and (3) Rayleigh scattering. These three mechanisms, shown in figure  6 from Tosco, 1 result in a V -shaped curve with an anticipated loss minimum of around 1.55 J.Lm. Nonlinear effects, such as Raman and Brillouin scattering, can cause a shift of the light wavelength. This occurs when high power is injected into an optical fiber . 
Figure 6. Fundamental Loss Mechanisms in Silica Fibers (Tosco
)
Extrinsic attenuation factors include impurities in the fiber (e.g., transition metal ions, OH water radicals), waveguide imperfections such as material defects and stresses, and other factors arising in the material or fiber fabrication. There are also extrinsic factors associated with fiber deployment and environmental conditions, such as bending loss and exposure to harsh and chemically aggressive environments. A summary oftotalloss mechanisms from Tosco 1 is shown in figure 7 . Attenuation associated with the reduced-diameter optical fiber design shares similar concerns and design considerations with existing single-mode optical fibers. There are also additional considerations when DC is considered. Since the reduced-diameter design will have a smaller cladding thickness and the same diameter core, extrinsic attenuation due to bending loss and environmental conditions may be of greater concern. A thinner cladding may require larger cladding levels .1 + and .1-in which higher core doping concentrations may increase attenuation or other deleterious effects.
FIBER STRENGTH
Even though the theoretical strength of glass fibers may be estimated to be approximately 20 GPa by determining the cohesive bond strength of the constituent atoms, 2 most glass objects do not exhibit strengths anywhere near that value. Current commercial optical fiber tensile strength can exceed 5 GPa. Although high-strength fiber has been produced many times, it is not easy to achieve. Since fiber strength is significantly affected by surface quality and defects, all inputs to the drawing process must be controlled. Critical parameters of interest include bulk glass quality, glass surface quality, clean heat sources, coating processes, and coating applicators. Kurkjian et al. 7 reviewed the progress in producing long lengths of high-strength optical fibers over the past 30 years. The authors describe insights that have been gained in strength, aging (environmental degradation), and the combined behavior known as fatigue. Key technologies that allowed for the advance of high-strength fibers include manufacturing process improvements and the advent of new polymer and hermetic (inorganic and carbon) coatings. Even though coatings have allowed the industry to produce high-strength optical fibers, even the smallest defects in the fiber coating will cause failure. There are currently ongoing efforts to understand surface flaws and their contribution to fiber failure.
Recent developments have identified the importance of micron-sized flaws and their association to fiber failure. It is well known that tensile fractured glass materials exhibit a distinct mirror-mist-hackle pattern, as shown in figure 8 from Liao and Tan. 8 Most fractures that exhibit such a pattern can be associated with the mirror region containing the crack-initiating surface flaw. Such observations can be used to identify the source and location of a flaw. Semjonov and Kurkjian 9 demonstrated this by creating micron-sized flaws in glass fibers with a diamond cubecomer tip indenter. Their test sample, illustrated in figure 9 , showed the same mirror-mist-hackle fracture pattern, with fiber tensile strength found to decrease significantly with the indentation size. Work is ongoing to determine the crack propagation and associated behavior for fiber failure. Glass fibers also display a sharp increase in strength with decreasing diameter when the gauge length is fixed, as reported in a comparison by Morley et al. 10 Griffith 11 observed a similar phenomenon and postulated that surface flaws controlled fiber strength and that the probability of finding surface flaws increased with fiber surface area. Researchers, beginning with Otto, 12 then showed that the diameter dependence can be reduced or removed by drawing fibers at the same temperature. To allow comparison studies of length and diameter variations, Kurkjian 13 proposed to convert diameter and lenf}h measurements into a surface area value. However, as figure 10 illustrates, Anderegg's data 4 show that a substantial dependence of fiber strength on diameter still exists. Bartenev and Bovkunenko 15 suggested that the effect of diameter changes on strength is due to diameter (d) and length (L) changes, as described by the following equations:
and (3b) (Anderegg 14 ) This correlation is valid for fibers with diameters of less than 100 Jlm. Bartenev and Bovkunenko 14 also postulated that this effect was caused by a quenched, oriented surface layer, but it was difficult to show this conclusively. Since the reduced-diameter effect is not found when the fiber diameter is greater than 100 Jlm, the fiber-optic industry has not considered this effect further.
Based on the limited studies on fibers ofless than 100 Jlm in diameter, fiber strength has a significant dependence on fiber diameter. Even though the model reported in equation (3) yields an inverse relationship between fiber strength and diameter, a quantitative relationship between the two parameters is not available for fibers ofless than 100 Jlffi in diameter. For the proposed design, equal, if not increased, fiber strength should be evident for less than 1 00-Jlffi-diameter fiber. The lower limit of din equation (3) is unclear, however, and a quantitative value of fiber strength for 40-J.tm-diameter glass fiber is not available.
After drawing a reduced-diameter fiber, a reliable in-line proof test procedure must be developed for quality control. A considerable amount of information is available for in-line proof testing of 125-Jlm optical fiber (see, for example, Camilo and Matthewson, 16 Donaghy and Dabbs, 17 and Camilo 18 ). Tensile proof testing is the preferred method over two-point bend testing because the latter method stresses a very small area of fiber. 19 It would be difficult for two-point bend testing to detect large flaws that are typically isolated and distributed in many kilometers of fiber. For these reasons, tensile proof testing is the in-line test procedure of choice.
Reduced-diameter fibers may not be suitable for tensile testing, however. A tensile testing apparatus may have difficulty gripping the fiber without damaging it. If such conditions arise, an optional four-point bend testing technique may be used. 20 • 21 Four-point bend testing avoids the loading and gripping problems associated with other techniques and may be useful for relatively weak optical fibers.
Lifetime predictions are even more difficult to make, to the point that experts in the field do not believe that such predictions are currently possible. There is a significant set of problems associated with lifetime predictions, as outlined by Kurkjian et al. 7 When a fatigue curve (log a versus log t) is plotted for a particular sample, the slope of the curve must be constant or predictable in order to extrapolate the fatigue life of an optical fiber. However, a representative set of fiber samples from Kurkjian et al.
7
, shown in figure 11 , demonstrates significantly different trends and behavior. Most noticeable is the onset of a "knee" in some samples. Several investigators have verified the presence of this fatigue knee. The kneeing phenomenon indicates a dramatic reduction of fiber strength, although this drop is unpredictable and has been shown to be strongly influenced by temperature, relative humidity, pH, and different types of coatings.
In summary, it is currently very difficult to predict the fatigue life of optical fibers since the stress corrosion susceptibility factor, which is inversely proportional to the gradient of the fatigue curve, is not constant during the fiber's fatigue life. A possible solution is to remove or delay the knee through the use of hermetically or environmentally stable coatings, but significant research still needs to be done in this area. . . The fiber-optic industry has expended considerable effort to develop connectors, splices, cables, sources, detectors, and other components for a set of standardized optical fiber diameters. For example, mechanical and fusion splices rely on the cladding outer diameter in order to align the core. Sources and detectors are typically supplied with pigtails or connectors standardized to a common fiber diameter (e.g., 125 J..lm). The proposed transition to smaller-diameter fiber will, at best, require a comprehensive set of connector interface components. A new set of standards will need to be developed in the future.
The handling of small-diameter glass fibers is also of concern. About 15 years ago, AT&T considered 110-J..lm-diameter fiber but later converged to 125-J..lm fiber due to handling issues. 22 • 23 Users found it difficult to strip, polish, and handle small-diameter fibers.
CONCLUSIONS
A number of design parameters have been considered to determine the most significant obstacles in reducing single-mode optical fiber cladding diameter from 125 J..lffi to 40 J..lm, while keeping the core diameter fixed. A survey of available literature indicated that decreasing the cladding diameter does not have a direct effect on cutoff frequency or numerical aperture. However, bending loss is expected to increase due to the thin cladding's inability to contain the evanescent field. A possible solution is to use a depressed-cladding fiber, although core doping should be minimized to reduce attenuation.
Glass fiber tensile strength was observed to increase with cladding diameters of less than 1 00 J..lffi. This would aid the proposed design, since a smaller diameter will essentially provide stronger fiber. This phenomenon is not well understood, however, and limited studies thus far have provided neither quantitative predictions nor a lower limit for the cladding diameter in equation (3) . Several in-line proof test methods and procedures are suggested to characterize the reduced-diameter fiber. Due to fatigue kneeing and other limitations, it is currently very difficult to quantitatively predict an optical fiber's lifetime.
Fiber-optic connectors, splices, and other components will need modifications in order to properly align, connect, and splice reduced-fiber diameters to themselves or to standard fiber diameters. Handling of reduced-diameter fiber is also of concern. 
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